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Abstract
Contrary to present external microphones, the proposed middle ear microphone does not measure the sound pres-
sure but the acoustic deﬂection of a middle ear bone caused by an incoming pressure wave at the ear drum. By means
of a seismic inertial transducer, minute vibrations in the range from 0.1 to 10 kHz should be measured. The innova-
tion of our new capacitive sensor design is the consideration of the physiology of the ear and hearing characteristics
enabling the detection of the ossicle’s vibration more than one decade below the eigenfrequency of the transducer.
Additionally, the output dynamic is reduced. Hence, the demands on the signal processing unit are lowered. Finally,
this approach leads to lower susceptibility to gravity and instability caused by electrostatic forces.
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1. Introduction
Cochlea implants are nowadays a common way to treat people suﬀering from hearing loss. State of the Art cochlea
implants systems consist of an implanted electrode in the cochlea, a digital signal processor (DSP) positioned in the
petrous bone, a high frequency energy transfer system for supplying the DSP and an external microphone. In current
arrangements the microphone is located behind the pinna. Compared to this external electret microphone, we propose
a microphone being placed on one of the ossicles. The new approach oﬀers some preeminent advantages. From the
physiological point of view, it retains the ﬁltering and directional characteristics of the natural pinna and the ear canal
as well as the function of natural reﬂexes, e.g., stapedius reﬂex. Patients hearing impressions remains more natural.
Because the hearing is not visible to other people the patients might not suﬀer as much from social discriminancy.
From the technical point of view the internally microphone avoids transcutaneous transmission of external microphone
signals.
As a microphone, we consider a seismic capacitive micro-electro-mechanical system (MEMS) being ideally suited
due to its high sensitivity, low noise, self-test ability and already established read out circuits (Fig 1a). To measure the
minute vibrations of the ossicles a tailored transducer considering the available space and the mass load to the ossicle
is essential. Furthermore the middle ear transfer function and its change by the MEMS transducer has to be taken into
account.
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Figure 1: a) Inertial transducer with seismic mass and elctrodes. The diﬀerntial capacitive sensor has a resolution of
6.5 · 10−13m/√Hz which is dominated by electrical noise. b) A model of the middle ear showing the anatomy. The umbo is
the spot with largest deﬂection and provides the most space for transducer. The stapes footplate is the connection to the cochlea,
causing a pressure wave when the bones vibrate. As a result of the impedance conversion the stapes deﬂection is small.
2. Middle ear mechanics
The middle ear ossicle chain works as an acoustic impedance converter between air and the aqueous medium in
the cochlea (Fig. 1b). The leverage of the ossicles reduces the amplitudes by 30% and increases the forces by this
factor. Additionally, the eﬀective area of the eardrum is about 20 times the size of the oval window. Therefore, the
sound pressure at the oval window is about 30 times the sound pressure at the ear drum. The deﬂection of the umbo
(the joint of ossicle and ear drum) is larger, more directional and has less rotational movements than the stapes at the
oval window. Most important, the available space for an implantable sensor is largest beneath the umbo, a location
easily being reached by surgeons. Therefore the umbo is the ideal position for a middle ear microphone.
For the layout of the middle ear microphone, the umbo deﬂections measured by various groups at diﬀerent sound
pressure levels have been considered (Fig. 2a ) [1] [2] [3] [4]. When scaling the measurements to 30 dB an av-
erage curve of the measurements can be calculated. For simple calculations and simulations the curve can also be
approximated by a second order low pass ﬁlter with a error of 4 dB compared to the average curve.
Due to the fact that the human hearing threshold is not equal within hearing frequency range, the average movement
curve has to be scaled according to the loudness contour. We used the loudness contour 30 for rating - comparable
to the hearing threshold in a quiet room (Fig. 2b ). The result is a curve with a dynamic of two decades. Lower
frequencies provide much larger amplitudes then higher frequencies.
3. Sensor Mechanics
The system response in the amplitude range of several nanometers behaves linear and in the relevant frequency
range the system can be characterized as a second order mass-spring-damper system. Since the seismic mass is af-
fected by, e.g. gravity, a suﬃcient high eigenfrequency of the footpoint excited displacement transducer is advisable.
It leads to a lower susceptibility against static deﬂections and other accelerations like head movements which would
also reduce feasible signal dynamics. For example a transducer with an eigenfrequency of 500Hz has a static deﬂec-
tion of 1 μm due to gravity. Therefor measuring vibrations in the range of some picometer is diﬃcult. Hence, the
eigenfrequency of the transducer must be higher.
For vibrations the transfer function of the mass compared to the package is similar to a second order high pass
ﬁlter transfer characteristic. The output at excitation frequencies below the eigenfrequency is suppressed accord-
ingly. Hence, the eigenfrequency for the seismic sensor should be lower. However this is contrary to a need of a
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Figure 2: a) Umbo deﬂection stimulated with 30 dB SPL measured by several groups. All the results are in the range of 10 dB. The
average curve is the foundation for the transducer layout. For basic calculations and simualtions, the deﬂection of the umbo can be
approximated with a second order low pass. The error compared to the the average curve is less than 4 dB. b) Comparison of the
rated and unrated umbo displacement. The human hearing threshold is not constant within the hearing range, consequently a rating
is necessary. Because the ISO 226-Rating is much more accurate at 30dB SPL then the A-Rating, the ISO 226-Rating was used.
higher eigenfrequency due to the static deﬂection. Fortunately, the umbo displacement when rated with the ISO 226
compensates this damping largely. Due to the increasing umbo deﬂection with decreasing frequency, the transducer
eigenfrequency can be much higher than the lower bound of the useful frequency range.
The MEMS transducer should be designed for a ﬂat output characteristic regarding to the loudness contours and
also oﬀer a fast response without overshoot. Most important, the sensitivity of the microphone for low and high
frequencies should be the same in order to allow energy eﬃcient circuits.
In Fig. 3b, the output of several second order mass-spring-damper systems with diﬀerent eigenfrequencies and
equal quality factors are compared to each other. The input to these systems is the average umbo deﬂection along the
loudness contour of 30 dB (Fig 2b). For the system with the highest eigenfrequency (3 kHz), the lower frequencies are
damped too much while for the 500 Hz system the output at lower frequencies is much higher with the additional cost
of higher sensitivity to gravity. Compared to these systems, MEMS with an eigenfrequency of 1.7 kHz have equal
output levels at the lower and upper end of the frequency range and, therefore, can be ﬂattened with a simple notch
ﬁlter. Also static deﬂection is much smaller compared to the 500 Hz system.
4. Test sample and results
To prove our concept we designed a MEMS transducer with the dimensions of 2 x 2 mm which is considered the
maximum size of device to ﬁt into the middle ear. The size of our device is oriented on the experiences gained with
the vibrating ossicular prosthesis implant (VORP), an actuator frequently implanted in the middle ear. The electrodes
of the capacitive transducer have a large distance of 4.5μm resulting in an easier manufacturing process but also in a
smaller read out signal. Hence, the transducer resolution is limited by the electronic noise.
Our MEMS transducer were produced with silicon on insulator (SOI) technology. At ﬁrst the metalization of the
contact pads is created with a strip-oﬀ-technique. Afterwards the mechanics of the transducer is etched with a deep
reactive ion etching (DRIE). To protect the sensor mechanics the surface is spray coated with a resist. To avoid stiction
and excessive gas damping, the backside of the wafer is opened in a two step etching process. The handle layer with
350 m thickness is etched with KOH followed by a RIE process to remove the remaining silicon. In the next step the
silicon dioxid is etched highly selective with buﬀered HF. The last step is the removement of the resist protecting the
surface. This is done by rinsing the wafer with aceton and propanol. If necessary an oxygen plasma cleaning can be
implemented.
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Figure 3: a) The measurement setup. First the shaker is calibrated with the MSA, then the read out circuit is used while the
tranducer is excited with the rated amplitudes of Fig. 2b. b) The theoretical relative displacement of diﬀerent mass-spring-damper
systems with the umbo deﬂection along the loudness contour 30 as input signal. The 1.7 kHz system beneﬁts from the same
relative movement for the lower and higher frequency range and is therefore preferable. The 2.2 kHz system was measured with
the arrangement described in Fig. 3 a). The measurements are in line with theory.
In order to characterize our design, we build a measurement setup featuring a piezoelectric shaker exciting the
transducer, a micro system analyzer (MSA) for calibrating the shaker, and a capacitive readout circuit (Fig. 3a).
The input displacement for the sensor follows the loudness contour at 30 dB. The amplitude is increased by two
orders of magnitude to allow calibration with the MSA. The minimum relative amplitude detectable with the MSA is
5 nm, although for a accurate calibration 50 nm are necessary. The large deﬂection was not inﬂuencing the transducer
characteristics because it is not more than 2% of the gap distance of the electrodes. Additionally a positive side eﬀect
is the suppression of environmental inﬂuences e.g. the vibration caused by the cooler of the measurement equipment.
Due to intrinsic stress, a higher eigenfrequency than the desired 1700 Hz was observed for our test device. Never-
theless, in the range of 250 to 5000 Hz the measurement results correspond to the theoretically calculated transducer
with an eigenfrequency of 2200 Hz. Beyond 5000 Hz, the shaker shows numerous resonances. Therefore, accurate
testing in this frequency range was not yet possible. Even so, we were able to show that the loudness contour and the
umbo transfer function will have a great impact on the mechanical design of the middle ear microphone.
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